1. Introduction {#sec1}
===============

Conformational misfolding under destabilizing conditions and subsequent beta-sheet amyloid fibril formation has been shown to be a very common, perhaps generic, property of proteins \[[@B7], [@B26]\]. In a number of proteins, such aggregation is pathological leading to over 40 different neurodegenerative or systemic diseases \[[@B5], [@B12]\] such as Alzheimer\'s, Parkinson\'s, Huntington\'s, and type II diabetes. It is becoming more apparent that the toxic species of many proteins is formed in the early stages of soluble aggregation. Such proteins include A*β*, for which an annular protofibril form has recently been isolated \[[@B20]\], and insulin \[[@B40], [@B14]\]. Much recent effort has been devoted to understanding the details of aggregate formation and also to find ways to control or inhibit this process. In the case of insulin, the motivation for such studies includes improving its pharmacological use in treating diabetes, as well as using it as a model system for studying amyloid aggregation.

Insulin, a key component in glucose metabolism, is a 51-residue protein consisting of two chains linked by disulfide bonds. Since the pioneering studies of David Waugh in the 1940\'s and 50\'s \[[@B38], [@B39]\], it has been known that, at elevated temperatures at low pH, insulin aggregates to form fibers that precipitate and/or form gels following a nucleation and elongation reaction. Despite this early finding and many subsequent studies \[[@B23]--[@B30]\], the molecular mechanism of insulin aggregation is not fully understood.

Aggregation of insulin has been studied under a variety of solvent conditions and with added cosolutes. Added ethanol \[[@B8]\], metalloporphyrins \[[@B29], [@B35]\], targeted peptides \[[@B10]\], and proteins such as *α*-crystallin \[[@B32]\], *β*-casein \[[@B41]\], or heparin \[[@B11]\] have all been shown to have inhibitory effects on insulin aggregation. The addition of amino acids to insulin solutions also has been shown to inhibit aggregation and, of 15 amino acids studied, arginine was shown to be most effective \[[@B34]\]. Arginine has been studied as a suppressor of protein aggregation in a variety of protein systems \[[@B9]--[@B4]\]. The role of the guanidinium group of arginine binding to aromatic groups of insulin when these are exposed in misfolded monomers leading to inhibition of aggregation has been suggested by Lyutova et al. \[[@B22]\]. A recent paper by Shah et al. \[[@B33]\] reports that arginine can also act to promote aggregation of proteins and that the key as to whether it inhibits or promotes aggregation appears to be whether the guanidinium group binds to aromatic or acidic residues, respectively.

In this work, we use dynamic and static light scattering to examine the effects of arginine on the early stages of thermally-induced insulin aggregation at low pH. We study the nucleation and early growth stages of insulin solutions in 20% acetic acid plus 0.1 M NaCl at varying concentrations of insulin and arginine and at various quench temperatures. From the temperature dependence of the nucleation lag time we are able to find the activation energy for nucleation of insulin in the absence and abundant presence (500 : 1 molar ratio) of arginine. We note explicitly that we have used light scattering rather than the more commonly used fluorescence of Thioflavin T to monitor aggregation since light scattering is more directly related to the weight average mass of the aggregates.

2. Experimental Procedures {#sec2}
==========================

2.1. Materials {#sec2.1}
--------------

Solutions of bovine insulin (Sigma-Aldrich \#15500, stored at −20°C) were prepared in 20% (v/v) acetic acid and 0.1 M NaCl using SuperQ water. Protein powder was dissolved at the appropriate concentration and spun at 5000 rpm in a JA-25.50 rotor of an Avanti Model J-25 centrifuge at 2°C for 5 minutes and then filtered, using a glass syringe and 13 mm diameter 0.22 micron pore-sized filters (Millex-GV) directly into precleaned 1 cm path length square optical glass cuvettes. These were stored at 2°C until used (within a few days).

Filtered stock solutions of L-arginine (Sigma-Aldrich \#A5006) were made in the same solvent as the insulin and stored at 2°C. Some insulin samples had appropriate volumetric additions of arginine to result in arginine concentrations ranging from 10 to 500 mM just prior to quenching at elevated temperatures in the light scattering thermal bath.

2.2. Static and Dynamic Light Scattering {#sec2.2}
----------------------------------------

Static and dynamic light scattering measurements were done using a home-made optical arrangement described previously \[[@B27]\], a Lexel argon ion laser operating in TEM~00~ mode at 514.5 nm and a Brookhaven BI-9000 correlator. A series of sequential two-minute experiments at a 90° scattering angle of both the average scattered intensity and the intensity autocorrelation function were made after insulin samples were placed in the thermal optical bath and quenched to the measurement temperature. Temperature equilibration occurred within two minutes at all quench temperatures. The intensity autocorrelation functions were analyzed by the method of cumulants to give an average hydrodynamic diameter of the scatterers in each experiment based on the Stokes-Einstein relation. Sequential experiments allowed us to follow the time dependence of the scattered intensity and the hydrodynamic diameter as the insulin aggregated. Control experiments with monodisperse polystyrene latex spheres assured that intensity autocorrelation function measurements correctly determined scatterer diameters.

3. Results {#sec3}
==========

A series of light scattering measurements at a fixed insulin concentration (1 mM) were done at varying temperatures in the range of 60--85°C to study the thermal-induced aggregation of insulin. Note that the solvent was 20% acetic acid plus 0.1 M NaCl throughout this study and that it differed from the solvent in a recent previous study co-authored by one of us \[[@B25]\] by the addition of the salt. The presence of salt speeded up the kinetics dramatically and allowed us to study the inhibition effects of arginine on more reasonable time scales. At each constant temperature, static and dynamic light scattering measurements were made as a function of time (see [Figure 1](#fig1){ref-type="fig"}). The results from these measurements are characterized by a temperature-dependent lag time, followed by an exponential increase in scattered intensity and in hydrodynamic diameter (data not shown), obtained from simultaneous static and dynamic measurements, respectively. To obtain parameters describing these two phases of the aggregation, we fit data at each temperature to an exponential growth function of the form: $$$$ where *I* is the adjusted count rate and *t* is the time from quench, and the data were fit to two parameters: lag time, *t* ~*o*~, and growth rate, *a*. The count rates were adjusted by subtracting the mean value of the initial count rate during the lag phase. [Figure 2](#fig2){ref-type="fig"} shows the dependence of these two parameters on quench temperature. At higher temperatures, the lag time becomes significantly shorter (by more than a factor of 8) with a linear dependence on quench temperature and the exponential growth rate becomes much faster (by close to a factor of 20).

We point out that the data presented here are for the early stages in the aggregation process. Samples monitored for longer periods of time became inhomogeneous with large random fluctuations in intensity and hydrodynamic diameter, and upon removal of the cuvette from the thermal bath, it was apparent that a gel had formed. For the purposes of this study we only included the initial growth phase data and samples remained fairly homogeneous and in solution during all reported results. We performed all measurements two to four times, with resulting lag times and growth rates reproducing within about 10%.

To study the inhibitory effects of L-arginine on thermally-induced insulin aggregation, arginine was added to 1 mM insulin solutions in varying molar ratios from 10 : 1 to 500 : 1 and the time dependence of both the scattered intensity and hydrodynamic diameter were obtained at a fixed quench temperature. [Figure 3](#fig3){ref-type="fig"} shows the results of these measurements for the scattered intensity when samples were quenched to 70°C. Note the significantly lengthened time axis in this figure as compared to that in [Figure 1](#fig1){ref-type="fig"}, indicating that, in the presence of increasing amounts of arginine, the lag time increases. While less apparent from this figure, it can also be seen that the growth rate decreases with increasing arginine. This is made clearer in [Figure 4](#fig4){ref-type="fig"} in which the lag time and the growth rate are shown, each normalized to the values in the absence of arginine, as functions of the arginine concentration. There is a linear growth in lag time and a nonlinear decrease in the growth rate with increasing arginine concentration. At the lowest arginine concentration used the lag time increases by 40% while the growth rate only slightly decreases by a few percent, while at 500 mM arginine the lag time increases by nearly a factor of 8 and the growth rate slows to only about 6.5% of its rate in the absence of arginine.

A more limited set of results at both 0.5 mM and 2 mM insulin concentrations (not shown) show similar behavior with lag times that increase linearly with increasing arginine concentration. As a function of insulin concentration at a fixed arginine concentration, there is a monotonic decrease of approximately a factor of two in lag time with increasing insulin concentration from 0.5 to 2 mM.

In the presence of arginine, we observed two distinct behaviors at later times (times beyond those reported in [Figure 3](#fig3){ref-type="fig"}) in the growth phase of the insulin aggregation. At arginine concentrations below 100 mM, we observed, similar to those samples in the absence of arginine, inhomogeneous scattering at these later times and a final gel-like appearance when examined by eye after removal from the temperature bath. For arginine concentrations of 100 mM and above, after the initial growth phase reported in [Figure 3](#fig3){ref-type="fig"}, precipitates formed and both sedimented to the bottom of the cuvette and collected at the meniscus due to surface tension. Also these samples had not formed a gel when examined after removal from the thermal bath. We reiterate that these late-stage behaviors are not presented further in this study.

The temperature dependence of the inhibitory effect of L-arginine on insulin (1 mM) aggregation was studied at the fixed molar ratio of arginine to insulin of 500 : 1. As shown in [Figure 5](#fig5){ref-type="fig"}, as monitored by hydrodynamic diameter, at progressively lower quench temperatures the lag time increases and the growth rate decreases (as evidenced by the decreasing rate of slope change after the lag time). Again, we can quantitate this process by fitting the time dependence data to ([1](#EEq1){ref-type="other"}), with the intensity replaced by the hydrodynamic diameter, and extracting lag times and growth rates, and, in [Figure 6](#fig6){ref-type="fig"}, we show the normalized lag time and growth rate as functions of quench temperature. At this arginine concentration (500 mM), we see that the ratio of lag time with arginine to that without arginine decreases linearly with increasing temperature. At 60°C the lag time is roughly 7 times longer than that in the absence of arginine, while at 85°C the lag time is only about twice as long as that in the absence of arginine. Linear extrapolation to 37°C would predict a lag time that is over 12 times longer than in the absence of arginine at that temperature; these measurements were not attempted because of the extremely slow kinetics.

The growth rates in the presence of 500 mM arginine increase monotonically with increasing temperature, as would be expected, by about a factor of 5 over our range of quench temperatures. On the other hand, the growth rate in the absence of arginine (see [Figure 2](#fig2){ref-type="fig"}) increases by about a factor of 20 over the same temperature range. Therefore, when plotted as the normalized growth rate (the ratio of growth rate with arginine to that in its absence) as in [Figure 6](#fig6){ref-type="fig"}, the normalized growth rate decreases nonlinearly from its value at 60°C and remains fairly flat at higher temperatures. In the presence of 500 mM arginine, the growth rate is roughly ten times slower than without arginine for most temperatures.

From our data for the lag times at various quench temperatures in the absence and presence of arginine, we can make an Arrhenius plot using the inverse lag times as indicative of the nucleation rate: $$$$ where *τ* is the lag time, Δ*G* is the nucleation free energy, *R* is the molar gas constant, and *T* is the absolute temperature, to determine Δ*G*. In [Figure 7](#fig7){ref-type="fig"} we show this plot both for insulin alone and for insulin with 500 mM arginine. The negative slope of this plot is equal to the nucleation activation energy divided by the molar gas constant. We obtain an activation free energy in the absence of arginine of 17 ± 5 kcal/mol, and an activation free energy in the presence of 500 mM arginine of 36 ± 3 kcal/mol, an increase of more than a factor of two.

4. Discussion {#sec4}
=============

Under the proper destabilizing conditions, essentially all proteins are now believed capable of forming amyloid fibrils through a similar mechanism of aggregation leading to cross-*β* structure formation. Through this process, proteins may not only lose their biological functioning but may also become toxic leading to a variety of diseases. Insulin has long been known to form amyloid fibrils and has been extensively studied because of problems in its production, delivery, and storage for use in treating type II diabetes and also as a model system.

The aggregation of insulin follows a nucleation-elongation process in which there is a lag phase during which monomers undergo a conformational change exposing hydrophobic residues and forming nuclei. It is known that in 20% acetic acid at ambient temperatures insulin is preferentially in the monomeric form, most susceptible to subsequent amyloidosis upon quenching to elevated temperature \[[@B1]\]. Recently the kinetics of amyloid growth has been modeled in terms of secondary, as well as primary, nucleation in which fragmentation and other secondary processes contribute to nuclei formation and to the kinetics \[[@B42]\]. This study found a strong correlation between the inverse lag time and growth rate based on their model. As we saw in [Figure 2](#fig2){ref-type="fig"}, for our insulin data we found this strong correlation: at increasing quench temperatures, lag time decreases and growth rate increases. After the lag phase, fibril growth has been shown to be exponential followed by gel-like formation and/or floccules formation, depending upon the conditions \[[@B24], [@B28]\].

In this study we have primarily studied the inhibitory effects of arginine on insulin aggregation. We chose, in these experiments, to add 0.1 M NaCl to the 20% acetic acid solvent in order to accelerate the aggregation kinetics, but not to agitate the samples (also known to accelerate the aggregation kinetics). Static and dynamic light scattering experiments were performed, in which the insulin concentration was varied between 0.5 and 2 mM, the arginine concentration varied from 10--500 mM, and the quench temperature ranged from 60 to 85°C.

Control experiments in the absence of arginine (see Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} for 1 mM insulin) show that the lag time decreases with increasing quench temperature and that the elongation phase has exponential growth with time, in qualitative agreement with previous studies which used a different solvent \[[@B25]\]. We also found that the elongation growth rate itself increases exponentially with quench temperature as shown in [Figure 2](#fig2){ref-type="fig"}. This same behavior was observed in a more limited data set at both 0.5 mM and 2 mM insulin with the lag time decreasing with increasing insulin concentration, in agreement with previous work \[[@B28]\]. Again we point out that the data reported here are only for the early elongation stage. Samples left longer at the quench temperatures showed large fluctuations in count rate and apparent hydrodynamic diameter and, when examined after removal from the thermal bath, had formed clear gels that did not flow at the higher insulin concentrations.

Our data (see Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) show that arginine acts as an effective inhibitor of insulin aggregation with lag times increasing linearly with increasing arginine concentration. The lag time increases by nearly a factor of 8 and the growth rate slows by about a factor of 15 at the highest arginine concentration compared to kinetics in the absence of arginine. We note that the average scattered intensity versus time and the apparent hydrodynamic diameter versus time (not shown) results are quite similar and give independent confirmation of the role of arginine in inhibiting insulin aggregation.

The time course kinetics of both the average scattered intensity (not shown) and effective hydrodynamic diameter of insulin samples in the presence of 500 mM arginine (see Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) show a characteristic temperature dependence. The normalized lag times (always longer than in the absence of arginine) decrease linearly with increasing temperature, with the ratio of lag time with arginine to that without arginine decreasing from a factor of nearly 8 at 60°C to only 1.7 at 85°C. These various experiments at different quench temperatures were further analyzed using an Arrhenius plot to obtain values for the nucleation free energy in the absence and presence of 500 mM arginine. We found about a two-fold increase in the activation energy for nucleation in the presence versus absence of arginine, with values of 36 and 17 kcal/mol, respectively. In the similar amyloid aggregating system of *A*β** there are two studies of the elongation kinetics that find values for the free energy associated with the fibril elongation process of 7 kcal/mol \[[@B19]\] and of 11 kcal/mol \[[@B3]\]. Assuming similar thermodynamics for the cross-*β* formation during aggregation, our values are somewhat larger than those, as might be expected, for the rate-limiting step of nucleation vs that of elongation. The significant increase in nucleation free energy in the presence of arginine emphasizes the inhibitory effect of arginine.

Our results show the inhibitory effects of arginine on the initial aggregation kinetics of bovine insulin over a range of insulin concentrations and quench temperatures. While the mechanism of arginine\'s interaction with insulin and with other proteins is not yet well understood \[[@B9]--[@B33], [@B37], [@B6]\] it appears to be related to its binding to aromatic groups in partially unfolded states of proteins and may therefore be an effective inhibitory agent for a wide variety of amyloid forming proteins.
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![Average scattered intensity measurements versus time after quenching at varying temperatures for 1 mM insulin in 20% acetic acid + 0.1 M NaCl solutions. The count rates were measured in sequential two-minute dynamic light scattering experiments and, for purposes of comparison, the count rates were adjusted by subtracting the average initial count rates (typically several kcps). The smooth curves are fits to the data using ([1](#EEq1){ref-type="other"}) as described in the text. Similar data were obtained from plots of hydrodynamic diameter versus time after quenching to different temperatures, with the lag times typically somewhat shorter (10--30%) from these data.](JBP2012-434289.001){#fig1}

![Data from [Figure 1](#fig1){ref-type="fig"} were fit to two parameters, lag time and growth rate (using ([1](#EEq1){ref-type="other"}) as described in the text), and these are shown here as functions of the quench temperature. The smooth curves are linear and exponential fits to the data.](JBP2012-434289.002){#fig2}

![Adjusted (as in [Figure 1](#fig1){ref-type="fig"} caption) average scattered intensity versus time after quenching to 70°C for 1 mM insulin with varying amounts of L-arginine added. Note the longer time scale (compared to [Figure 1](#fig1){ref-type="fig"}), the longer lag times, and the apparent slower growth rates at increasing arginine concentrations.](JBP2012-434289.003){#fig3}

![The lag time and growth rate, each normalized to the values with no added arginine, as functions of the amount of added arginine. The smooth curves are linear and exponential fits to the data.](JBP2012-434289.004){#fig4}

![Hydrodynamic diameters of scattering species versus time for solutions of 1 mM insulin with 500 mM arginine at varying quench temperatures. The data are adjusted by subtracting the mean diameter during the lag time period in order to fit to the same two-parameter expression in ([1](#EEq1){ref-type="other"}). The smooth curves are fits to the same functional dependence as in ([1](#EEq1){ref-type="other"}) replacing intensity with hydrodynamic diameter.](JBP2012-434289.005){#fig5}

![Lag times and growth rates of 1 mM insulin in the presence of 500 mM arginine, each normalized by the corresponding value in the absence of arginine, as function of the quench temperature. The smooth curves are linear and exponential fits to the data.](JBP2012-434289.006){#fig6}

![Arrhenius plots of the natural logarithm of the initial phase rate (taken as the inverse of the corresponding lag time) versus inverse absolute temperature for 1 mM insulin in the presence of and absence of 500 mM arginine.](JBP2012-434289.007){#fig7}
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